Background/Aims: Macrophages have recently been shown to play a critical role in the pathogenesis of systemic lupus erythematosus (SLE). However, the underlying mechanisms remain unclear. Methods: Here, we used an activated lymphocyte-derived DNA (ALD-DNA) method to induce SLE in mice. We used a macrophage-specific eliminator clodronate to selectively deplete macrophages in mice. We isolated macrophages from bone marrow of the mice and used cytokines to differentiate M1 and M2 macrophages, respectively. Adoptive transplantation of M1 or M2 macrophages was performed in clodronate-treated mice. The effects on SLE were evaluated by serum anti-dsDNA autoantibody, by renal pathological changes, and by urine protein levels. Results: ALD-DNA induced SLE-like features in mice, manifested by induction of serum anti-dsDNA autoantibody, by renal pathological changes, and by increases in urine protein levels. Clodronate significantly decreased macrophages in mice, which significantly increased SLE severity. Adoptive transplantation of M2, but not M1 macrophages significantly reduced SLE severity in clodronate-and ALD-DNA-treated mice. Conclusion: M1 and M2 macrophages play different roles in development of SLE. M1 macrophages increase the severity of SLE, while M2 macrophages reduce it. Modulation of macrophage polarity may be an attractive therapy for SLE.
Introduction
Systemic lupus erythematosus (SLE) is characterized by autoimmune disorders in multiple organs with autoantibody production [1] [2] [3] . In SLE, the immune tolerance is breached in that the immune system actively attacks autoantigens, resulting in autoantibody production and a vicious cycle of chronic inflammation and tissue damage [1] [2] [3] . Primary abnormalities of B and T lymphocytes have been considered to be major bases of SLE [1] [2] [3] , while recent studies have shed light on the involvement of monocytes/macrophages in the pathogenesis of the disease [4] [5] [6] , which acknowledges a role of innate immunity upon adaptive immunity in SLE.
Abnormalities in monocyte phenotype and function have been previously appreciated with a variety of autoimmune disorders, including SLE [4] [5] [6] . The definition of macrophage activation mostly commonly uses terms of M1 and M2 macrophages, based on differential effects of interleukin-4 (IL-4) and interferon gamma (IFN-ɤ) on macrophage gene expression [7] [8] [9] [10] [11] . This definition originated from the differential metabolism of arginine between macrophages from C57BL/6 and macrophages from Balb/c mice, an effect he correlated with differences between T helper 1 (Th1) and Th2 cell responses in the same strains [12, 13] . Indeed, M1 macrophages respond to Th1 and generate reactive oxygen species and nitric oxide to kill pathogens and cells, while M2 macrophages respond to Th2 to mediate humoral immunity and tissue repair [7] [8] [9] [10] [11] [12] [13] . The differential activation of macrophage phenotypes is also called polarization [12, 13] . In vitro, bone marrow derived macrophages are often polarized to M1 or M2 macrophages by treated with either IFN-ɤ or IL-4 [12, 13] .
Liposome-encapsulated clodronate is a first generation bisphosphonate drug encapsulated in a liposome for depletion of macrophages in the body [14] [15] [16] . There is a large body of evidence in mice indicating that systemic administration of clodronate efficiently depletes macrophages in a variety of organs and tissue [14] [15] [16] . Clodronate cannot ender the cells itself, and it needs liposome as a carrier to introduce clodronate into the cytoplasm of macrophages, taking advantage of the phagocytosis property of macrophages [14] [15] [16] . Intracellular macrophages induce rapid onset of apoptosis via competition for ATP binding to cellular substrates [14] [15] [16] . Moreover, some studies have indicated that systemic clodronate administration can induce significant antitumor activity based on tumorassociated macrophage depletion [17] [18] [19] [20] [21] . Depletion of macrophages by clodronate has also been used for control of inflammation [11, [22] [23] [24] , and in some autoimmune diseases, while its effects on these autoimmune diseases may be disease-dependent.
Here, we used an activated lymphocyte-derived DNA (ALD-DNA) method to induce SLE in mice [25] [26] [27] . We used clodronate to selectively deplete macrophages in these mice. We isolated macrophages from bone marrow of the mice and used cytokines to differentiate M1 and M2 macrophages, respectively. Adoptive transplantation of M1 or M2 macrophages was performed in clodronate-treated mice. The effects on SLE were evaluated by serum anti-dsDNA autoantibody, by renal pathological changes, and by urine protein levels. We found that ALD-DNA induced SLE-like features in mice. Clodronate significantly decreased macrophages in mice, which significantly increased SLE severity. Adoptive transplantation of M2, but not M1 macrophages significantly reduced SLE severity in clodronate-and ALD-DNA-treated mice.
Materials and Methods

Mouse handling
All animal experiments were performed according to the Guide for the Care and Use of Medical Laboratory Animals (Ministry of Health, China, 1998) and the guidelines of the Fudan University Medical Laboratory Animal Care and Use Committee. Ten-week-old female Balb/c mice (Jackson lab, Bar Harbor, ME, USA) were housed in the pathogen-free mouse colony at our institution, and were used for the current study.
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DNA preparation
Genomic DNAs from syngeneic Con A-activated or unactivated splenocytes were extracted and treated with S1 nuclease (Sigma-Aldrich, St. Louis, MO, USA) and proteinase K (Sigma-Aldrich) according to the manufacturer's instructions, and then purified using the UltraPureTM genomic DNA purification kit, as recommended by the manufacturer (Shanghai SBS Genetech, China). DNA concentrations were determined by absorbance measurement at 260 nm. The final A260/A280 for all the DNA preparations was >1.8.
Animal immunization
BALB/c mice were divided into several groups of 10 mice and actively immunized by subcutaneous injection on the back with 0.2 ml of an emulsion containing the indicated doses of ALD-DNA or Un-ALD-DNA in phosphate-buffered saline (PBS). Mouse blood was taken from retro-orbital sinus prior to immunization and at 2-week internals until the end of the experiment.
ELISA
Anti-ssDNA and anti-dsDNA Ab titers were assessed using an enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well protamine sulphatepretreated polystyrene microtitre plates were coated with prepared DNA at 50µg/ml and placed overnight at 4°C after incubation at 37°C for 2 h. The plates were then washed three times with PBS containing 0.05% Tween-20 (PBST). HRP-conjugated goat anti-mouse polyvalent (IgG, IgM, IgA) Ab (Sigma-Aldrich) was used as the secondary Ab. The absorbance was measured at 490nm on a microtiter plate reader (R&D System, Los Angeles, CA, USA). Results are presented as the mean of triplicate determinations on sera from individual mice.
Isolation, culture and differentiation of bone-marrow derived mouse macrophages
Isolation of bone-marrow derived mouse macrophages has been described before [28] . Marrow from female, 10 week-old Balb/c mice was flushed out with vehicle solution (PBS containing 20mmol/l Tris and 100mmol/l NaCl, pH 7.5) through a 23G needle. Cells were pre-treated with FITC-conjugated F4/80 antibody (Becton-Dickinson Biosciences, San Jose, CA, USA) and then sorted for positive cells by flow cytometry. Purified F4/80-positive macrophages were cultured in Dulbecco's Modified Eagle Medium/F12 (DMEM/ F12; Invitrogen, St. Louis, MO, USA) supplemented with 10mmol/l L-glutamine, 100U/ml penicillin, 100µg/ ml streptomycin and 100U/ml recombinant M-CSF (mouse M-CSF, R&D Systems). In vitro differentiation of macrophages have been performed as has been previously described [28, 29] .
Fluorescence-activated cell sorting (FACS) for macrophage (subtype)
Treated bone-marrow derived cells were detached from the culture plates with 0.25% Trypsine solution (Invitrogen), washed three times with PBS, re-suspended, labeled with FITC-conjugated F4/80 antibody and/or APC-conjugated MGL antibody (Becton-Dickinson Biosciences), and then sorted for macrophages, or M1 and M2 subtypes. Data were analyzed and quantified using Flowjo software (Flowjo LLC, Ashland, OR, USA).
Clodronate injection
Intravenous tail vein injection of 200μl clodronate-liposomes (Clodronateliposome, Amsterdam, Netherland) every week was performed as has been described before, to eliminate macrophages. Control mice received injections of liposome of the same amount and volume. For the adoptive M1 or M2 macrophage transplantation, macrophages were transplanted via tail vein to the circulation.
Assessment of stage score for lupus nephritis
Glomeruli in each mouse were scored blindly by an experienced pathologist for the stage score for lupus nephritis as following. Normal appearance: score 0; Class I (mild disease with small amount of swelling): score 1; Class II (still fairly mild disease but more swelling than Class I): score 2; Class III (moderate degree of swelling with less than 50% of the filtering glomeruli affected): score 3; Class IV (severe degree of swelling with greater than 50% filtering glomeruli affected): score 4; Class V (most of the swelling is confined to the outer layer surrounding the filter unit): score 5; Class VI (most of the filter glomeruli show scarring): score 6. In each mouse, 100 glomeruli were assessed.
Results
Systemic administration of clodronate significantly reduced monocytes/macrophages in circulation and in organs in mice
First, we examined whether tail vein injection of clodronate may substantially eliminate macrophages. We injected clodronate-liposome (clodronate) or control liposome into the mice and examined the macrophages in spleen after one week. We found that the spleen from the mice that received clodronate contained significantly less F4/80+ macrophages, of the levels of anti-dsDNA antibodies in the mouse sera. We detected significantly higher levels of IgG anti-dsDNA antibodies in the sera from ALD-DNA-immunized mice, compared to unALD-DNA-immunized mice (Fig. 3A) . The induction of anti-dsDNA antibodies was detected as early as 2 weeks after immunization, and appeared to be sustained for no less than 8 weeks (Fig. 3A) . The pathological changes in kidneys were then assessed, showing significantly higher score for lupus nephritis in ALD-DNA-immunized mice, compared to unALD-DNA-immunized mice (Fig. 3B-C) . Moreover, ALD-DNA-immunized mice had significantly higher urine protein, compared to unALD-DNA-immunized mice (Fig. 3D) . Together, these hallmark features for SLE suggest that ALD-DNA indeed induces a SLE-like model in mice.
Elimination of macrophage population by clodronate aggravated SLE severity
Then, we used this model to study the role of macrophage/macrophage subtypes in SLE development. Clodronate was given at 2, 3, 4 weeks after immunization to eliminate macrophages, and analyses were performed at 6 weeks (Fig. 4A) . We found that clodronate significantly increased the SLE-associated lupus nephritis score (Fig. 4B) , and the urine (Fig. 4C) . These data suggest that macrophages may have a protective role against SLE-associated autoimmunity.
Adoptive transplantation of M2 macrophages, but not M1 macrophages, abolished clodronate-induced augment in SLE severity
In order to figure out the exact roles of macrophage subtypes in the development of SLE, we did adoptive transplantation of either M1 macrophages or M2 macrophages in clodronatetreated, ALD-DNA-administrated mice at 5 weeks (Fig. 4A) . Clodronate at 2, 3, 4 weeks combined with adoptive transplantation of M1 macrophages at 5 weeks mimicked the effects of selective elimination of M2 macrophages, while clodronate at 2, 3, 4 weeks combined with adoptive transplantation of M2 macrophages at 5 weeks mimicked the effects of selective elimination of M1 macrophages. Adoptively transplanted macrophages were not eliminated one week after termination of clodronate treatment (Fig. 4B) , suggesting that clodronate could be systemically eliminated within one week. We found that adoptive transplantation of M2 macrophages, but not M1 macrophages, abolished clodronate-induced augment in SLE severity, shown by SLE-associated lupus nephritis score (Fig. 4C) , and by the urine protein levels (Fig. 4D ). These data suggest that M1 and M2 macrophages play different roles in development of SLE. M1 macrophages increase the severity of SLE, while M2 macrophages reduce it. Modulation of macrophage polarity may be an attractive therapy for SLE.
Discussion
Patients with SLE have evidence of dysfunction of monocyte/Macrophages, as a phenomenon that correlates with disease activity [4] [5] [6] . The macrophage activation by IL-4 or IFN-ɤ results in different polarization of macrophages into M2, or M1 subtype [7] [8] [9] [10] [11] [12] [13] . These two types of macrophages play distinct roles in various physiological and pathological events, and often antagonize the activities and functions of each other [7] [8] [9] [10] [11] [12] [13] . Nevertheless, macrophage polarization in SLE pathogenesis is just recently appreciated but the underlying mechanisms remain largely unexplored.
Here, we address this question using a well-established SLE model, in which antidsDNA antibodies were induced by immunization with ALD DNA. To evaluate the roles of macrophages/macrophage subtypes in SLE, we used a specific macrophage eliminator clodronate to deplete all macrophages. Adoptive transplantation of in-vitro differentiated M1 or M2 macrophages in clodronate-treated mice was used as gain-of-function and loss-offunction experiments [7] [8] [9] [10] [11] [12] [13] . M1 and M2 macrophages were discriminated by MGL, which is a specific M2 macrophage marker like CD163 or CD206. First, we validated all these models. The SLE mouse model was confirmed by hallmark features for SLE, including induction of anti-dsDNA autoantibodies, development of lupus nephritis and protein urination [25] [26] [27] . The effects of systemic administration of clodronate on monocytes/macrophage depletion were confirmed by quantification of the monocytes/macrophages in circulation and in spleen as a representative organ [14] [15] [16] . The in-vitro differentiated bone-marrow-derived M1 or M2 macrophages were quality controlled by examination of M2-specific markers CD163, CD206 and Arginase, and of M1-specific marker iNOS [14] [15] [16] .
Then, we used this validated model to study the role of macrophage/macrophage subtypes in SLE development. Clodronate was given at 2, 3, 4 weeks after immunization to eliminate macrophages, while adoptive transplantation of M1 or M2 macrophages was performed at 5 weeks. The one-week interval between last clodronate injection and macrophage adoptive transfer allows the systemic excretion of clodronate to be finished [14] [15] [16] , and this was confirmed in our study. Thus, the transplanted macrophages will not be affected. We found that clodronate significantly aggravated the SLE-associated lupus nephritis and proteinuria, while adoptive transplantation of M2 macrophages, but not M1 macrophages, abolished clodronate-induced augment in SLE severity. These data suggest that M1 and M2 macrophages play different roles in development of SLE. M1 macrophages
